The beryllium permanent reflector of the High Flux Isotope Reactor has the main functions for slowing down and reflecting the neutrons and housing the experimental facilities. The reflector is heated as a result of the nuclear reaction. Heat is removed mainly by the cooling water passing through the densely distributed coolant holes along the vertical or axial direction of the reflector. The reflector neutronic distribution and its heating rate are calculated by J. C. Gehin of the Oak Ridge National Laboratory by applying the Monte Carlo Code MCNP. The heat transfer boundary conditions along several reflector interfaces are estimated to remove additional heat from the reflector. The present paper is to report the calculation results of the temperature and the thermal stress distributions of the permanent reflector by applying the computer aided design code I-DEAS and the finite element code ABAQUS. The present calculation is to estimate the high stress areas as a result of the new beam tube cutouts along the horizontal mid-plane of the reflector of the recent reactor upgrade project. These high stresses were not able to be calculated in the preliminary design analysis in earlier 60's. The heat transfer boundary conditions are used in this redesigned calculation. The material constants and the acceptance criteria for the allowable stresses are mainly based on that assumed in the preliminary design report.
INTRODUCTION
The beryllium permanent reflector of the High Flux Isotope Reactor has the main functions for slowing down and reflecting the neutrons and housing the experimental facilities. The reflector is heated as a result of the nuclear reaction. Heat is removed mainly by the cooling water passing through the densely distributed coolant holes along the longitudinal direction of the reflector. Additional heat is removed fiom the reflector boundary through heat transfer boundary conditions. The reflector neutronic distribution and its heating rate are calculated by J. C. Gehin from the Computational Physics Division of the Oak Ridge National Laboratory by applying the Monte Carlo Code MCNP (ref. 1). The heat transfer boundary conditions along all the reflector surfaces are estimated by R. B. Rothrock. The present paper is to report the calculation results of the temperature and the thermal stress distributions of the redesigned permanent reflector by applying the computer aided design code I-DEAS and the finite element code ABAQUS. The present calculation is the first frnte element solution for the reflector with the target holes and the beam tube cutouts. For the reflector redesgn program, the HFIR beam tubes 1 and 4 have been slightly modified and the beam tube 2 is to be enlarged. Also, the finite element resultsfor the temperature and the stress distributions based on the preliminary HFIR reflector geometry are obtained and confirmed. To study the temperature and stress generated by the coolant holes, a simplified analytical estimate is made. The stress distribution along the cylindrical coolant hole for the redesigned geometry is approximately 11 ksi. that is approximately equal to the preliminary design result obtained by Hilvety (ref. 2) . The preliminary design overestimated the heating rate but had more coolant holes. The material constants and the acceptance criteria for the allowable stresses used in the redesigned reflector are mainly based on that assumed in the preliminary design.
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REF. 2)
Radiation damage resulting from the intense high energy (E > 1.0 MeV) neutron flux up to 2 x IOz2 nvt was considered acceptable, based on MTR experience.
Allowable thermal stress based on tests for unirradiated beryllium showed a minimum thermal stress at failure of 28,200 psi. Design value of 12,000 psi at 125 MW was chosen for the HFlR preliminary design. It was b e l h e d that the cooling hole surface exhibits highest stress in the reflector.
b
Sources of heat generation considered in the preliminary design calculations were prompt and capture gammas, activation gammas and betas, delayed fission product gammas, and fast neutron slowing down.
Water fraction affects thermal flux and reactivity. Since a 0.6% change in reactivity is equivalent to about one day of core lifetime, the reflector water content should be kept as low as possible. One of the design criteria was the requirement for the minimum reflector water content.
FINITE ELEMENT MODELING OF THE PROBLEM
A three-dimensional finite element model of 41415 elements and 64403 nodes is used to model the redesigned permanent reflector. The main differences between the redesigned geometry and the preliminary design geometry are the number of coolant holes to be used for removing the heat and the beam tube cutouts. The coolant holes are not included in the finite element geometry. Coolant holes are modeled by a distribution of heat sinks. Second order tetrahedra elements are used in the model. The number of elements and their associated number of nodes are reflected from the multiplication factor between these numbers. The model does consider the geometry of the vertical target holes as well as the horizontal beam tube cutouts but not the coolant holes through which water flows for the cooling of the permanent reflector.
The finite element calculation makes use of the 3-D heat source distribution obtained by J. C. 
INPUTS TO THE FINITE ELEMENT MODEL
Reflector Geometry
As shown in figure 1 for the lower half of the redesigned geometry, the permanent beryllium reflector is designed to have the shape of a cylindrical cylinder. 
Reflector Heating Rate
The reflector heating calculations calculated recently by Gehin and the heat removal are modeled in the following interpolations:
1. Reflector heating generated by nuclear reaction
Two types of calculations are made to estimate the total heat load by nuclear reaction from the reactor core. The first type of calculation is a coupled neutron-photon problem that gives the neutron heating and the prompt photon heating. The prompt photon heating consists of prompt fission photons, capture photons, and inelastic scatter photons. A subsequent photononly calculation, that was the fission distribution from the coupled problem, is performed to compute the heating.
The distribution of the heat load throughout the reflector by The zoning of the reflector along its axial direction is made by Gehin to seven blocks. The heat load is symmetrically distributed across the midplane by the reflector. The above tabulated values of A and B, therefore, only need four zone values, in which zone four corresponds to values at the midplane of the reflector.
Heat removal from the reflector
Nuclear heating of the permanent reflector is removed through cooling holes of 118 inch diameter distributed along seven concentric circles fiom the axis of the reflector. Ninety holes are located evenly along each circle. The radius of each concentric circle has been tabulated. The heat is removed from the semipermanent reflector through surface heat transfer and surface grooves along which cooling water flows.
For the three-dimensional application of ABAQUS to calculate the temperature distribution, the 7 x 90 small heat removal holes in the permanent reflector are idealized and equivalently represented by a distribution of heat sinks. This idealization is needed because modeling by finite element method, including the coolant holes, requires a great number of elements that are beyond the capability of the machine memory. The effects of small cooling hole are later studied by using a simplified analytical solution (ref 7).
For the three-dimensional calculation, an equivalent heat sink distribution can be obtained by the following multiplication factor for the 90 hole geometrical arrangement
and for the 80 hole arrangement
The unit ofy in the above equation is holes/in2.
The above equations are abtained by dividing the twodimensional horizontal section of the cylinder to a distribution of areas. Each area contains only one cooling hole. The inverse of that area is represented by the above equation that gives the number of holes per unit area. The quantity y that is multiplied by the rate of heat removal from one cooling hole is the rate of heat removal per unit area of the horizontal cross section of the beryllium cylinder.
The heat transfer coeficient is assumed to be Btu hr-j'. F h = 5000
The cooling hole is 1/8-inch in diameter and the beryllium cylinder is 24 inches long. Therefore, the rate of heat removal (Btu/hr) per unit volume (in') at any location in the reflector is where T-Tw is the temperature rise from water temperature TIO at any location in the reflector. 
Thermal Boundary Conditions
It is noted that the 1/8-inch coolant holes in the permanent reflector has pressure drop of 10 psid and the total length of 24 inches. The coolant groves on the outer surface of the semipermanent reflector, and the clearance between the CRAPS and the permanent reflector all have the same pressure drop and the same length of 24 inches. Therefore, their respective flow velocities and heat transfer coefficients are related by their hydraulic diameters developed below.
Permanent reflector inner surface, adjacent to semipermanent reflector
The semi-permanent reflector has 0.125 inch diameter semicircular grooves cut into its outer diameter to provide cooling flow between the semi-permanent reflector and the permanent reflector. 
Btu hrft 2-O F (4500) = 550
An application of h-= 1 . 0 3
Inner and outer surfaces of the semi-permanent reflector
Heat transfer coefficient for the outer surface of the semipermanent reflector is the same as that for the inner surface of the permanent reflector. For the inner surface of the semipermanent reflector, the heat transfer condition is provided by the semi-circular coolant channels of the removable reflector. The spacing of these channels are 2 1/2 degrees apart;instead of 4 112 degrees for its outer surface channels.
Recall that the heat transfer coefficient for the inner surface of the permanent reflector has been calculated earlier. After interpolation, we obtain the heat transfer coefficient of the inner surface of the semi-permanent reflector as 4.5 Btu 2.5 hrft 2* OF h, = 550 x -= 1000
Permanent reflector to CRAPS
The CRAPS have smooth surface next to the permanent reflector inner surface with no groove, and are spaced 1/16-inches fiom the reflector by spacers at top and bottom. This is equivalent to a hydraulic diameter of 1/8 inch that is same as that of the internal coolant hole. Therefore, the heat transfer coefficient is approximately the same as that for the internal coolant hole of 5000 Bt~/(hrfi~-~F).
Heat removal through VXF plugniner gaps
The standard VXF plugs include provisions for coolant flowing through a 0.05-inch gap between the plug and the inner surface of the liner. The total flow to all 22 VXFs is given in the S A R will lead to the result Because the nose of the tube is located at the highest heating region and subject to greatest gradient, the heat transfer coe5cient for (1) above will be estimated, and assumed to apply to other regions as well. Dimensions for €43-2 will be used for this purpose, since it has the largest region close to the reactor core. For part (2) , heating is relatively low, an approximate use of the heat transfer coefficient of the vertical coolant holes will be used.
The heat transfer coefficient at the hemisphericalrt of HB-2 cutout is calculated as follows: The flow passing the IW-inch vertical cooling holes that enter the HB-2 liner is diverted around an average distance of one quarter of the HB-2 tube circumference; i.e., xD/4 = x/4 x (9.33) = 7.33 inches, and the corresponding length of the 1/8-inch holes are 24-7.33 = 16.7 inches.
and VI( 9) = velocity around gap = 15 ft/sec.
0.375
The hydraulic diameter of the gap is In the finite element calculation, the heat source is applied instantly and the transient temperature distribution is obtained. The temperature reaches its equilibrium state in the calculation at approximately 50 seconds. The temperature distribution at 50 seconds is obtained and reaches approximately the steady state.
The maximum temperature increase is approximately 26°F that where V, is the regular vertical 1/8-inch hole velocity and VI is the velocity for the vertical holes that are cutout by HB-2. The above equation reduces to appears along the midplane close to the inner surface of the permanent reflector. Close to the outer surface, the equilibrium temperature increase is approximately 10°F. Since the heat removal is assumed by a distribution of heat sinks, the temperature distribution on the two-dimensional cross section or the reflector is relatively smooth.
The corresponding thermal stress at the equilibrium temperature is also obtained It is expressed in terms of the Tresca stress that is the difference ofthe maximum normal stresses. The maximum Tresca stress is approximately 9.6 ksi at the surface colse to the beam tube cutouts. The tensile stress of approximately 2.5 ksi appears along the midplane at the outer surface of the reflector. Tensile stress will promote cracking. This will have a pronounced effect when the beryllium is embrittled after years of radiation and helium gas attack.
Simplified Stress Estimate Along the Surface of the Coolant Hole
Coolant water holes are distributed throughout the permanent reflector. Preliminary design calculation by Neil Hilvety indicated that 90 holes are distributed evenly along each radius of the cross-sectional area of the reflector. There are seven radial distances on which the holes are distributed. The hole diameter is 1/8 inch.
In his report, the heat transfer coefficient is 5000 Btu/Olr.ftz."F).
A total of 1.7 MW of heat power is removed from the reflector. He estimated that the surface thermal stress is approximately 1 1 ksi and a rise of temperature for the cooling water passing through the hole is 30°F under the condition that HFIR is operated at 125 MW power. His heating rate is estimated as 10 wattslgram.
The coolant hole stress of 1 1 ksi was calculated by Hilvety, but he did not show the detailed derivation. The finite element solution camed out in this report can not calculate the cooling hole stress. This stress, however, provides the possible critical stress anywhere in the reflector. Hilvety's temperature and stress distributions are to be confirmed in the following. Both the temperature drop and the coolant hole stress calculations for a hollow cylinder are based on the standard solutions from a reactor design book (ref. 7 ) . The coolant hole stress under the redesigned heating and geometry is also calculated.
The analytical expression for the temperature drop for the hollow cylinder with internal heat source and insulated at the outer boundary according to reference 5.0 is
where a and b are assumed to be the inner and outer radii of the cylinder, respectively. In the above equation, H is the heat source and k is the heat conductivity of beryllium. The logarithmic function is understood to be the natural logarithm. The circumferential stress along the coolant hole surface is b a,(r=a) = a E H [ 8b4 log--6b2 + 2a2
16(l-~yC b 2 -a 2 a and the axial stress is equal to the circumferential stress at the inner surface of the hollow cylinder.
Temperature and Thermal Stress Distributions for the Permanent Reflector in the Preliminary Design Calculation
In Hilvety's report the outer radius b is assumed to be 0.5 inch and the inner radius is 1/16 inch. The outer radius was obtained by Hilvety by equating the energy input as the reflector was subdivided into triangular cells. Each cell contained the coolant hole at its center and the area was made equivalent to a circular area. For 125 MW reactor power, H is 10 watts/gram.
These numerical values are substituted in to the above equations. The temperature drop is 
Temperature and Thermal Stress Distributions for the Permanent Reflector in the Redesigned Calculations
In the present redesigned reflector, the number of coolant holes has been reduced in each row from 90 to 80. The number of rows has been reduced fiom 7 to 4 rows with diameters 28.248, 30.612, 33.324, and 36.438 inches beyond which no coolant holes is believed to be required. The equivalent energy method is used to determine the radius of the outer diameter of the hollow cylinder. For the first row of holes where the maximum amount of heat is removed square cells are assumed to absorb the same amount of energy as the cylinder with outer radius b that satisfy that following relation [ -lo2 -1 that is also approximately the value obtained by Hilvety.
RESULTS AND DISCUSSION
The main objective of this report is to apply the finite element method to evaluate the stress distribution of the redesigned HFIR beryllium reflector. The maximum stress obtained fiom this calculation needs to be bounded by the allowable stress of 12 ksi for beryllium.
This finite element solution does show detailed stress distribution of the reflector including horizontal beam tube cutouts and target hole geometry. It is a detailed stress distribution except stresses along the surfaces of the coolant holes. The coolant hole stress was originally calculated by Hilvety in the preliminary HFIR design report and was estimated to be 1 1 ksi (ref 2). The finite element solution for the detailed reflector shape including new horizontal beam tube cutouts and the target holes shows that the maximum stress appears at the tip of the HB-2 cutout. The maximum Tresca stress is approximately 9.6 ksi, not including the coolant hole surface stress.
CONCLUSIONS
Detailed finite element calculations are made to estimate the redesigned reflector temperature and thermal stress that are generated as a result of nuclear reaction. The maximum finite element stress appears at areas at the beam tube cutouts. The preliminary design temperature and stress calculations have also been confiied in this report. These preliminary results were based on a rough estimate by applying a circular cylinder thermal stress solution in elasticity (ref. 7) . No refined calculation was possible at that time for estimating the detailed stress distribution of the reflector. The temperature and thermal stress around the HB-2 shows a slight increase in values but they are still less than the allowable stress based on the preliminary design allowable stress of 12 ksi.
